We have fabricated tin oxide (SnO 2 ) nanorods on palladium-coated substrates by carrying out the thermal evaporation of solid Sn powders. We have employed X-ray diffraction, scanning electron microscope, transmission electron microscope and photoluminescence (PL) spectroscopy to characterize the synthesized products. The obtained 1D nanomaterials with a jagged surface were SnO 2 with rutile structure. PL spectra exhibited visible light emission.
II. EXPERIMENTAL
Pure Sn powders were placed in an alumina boat, which was put in the middle of quartz tube inserted in a horizontal tube furnace. We used Si(001) as a starting material onto which a layer of Pd was deposited. On top of the boat, a piece of the substrate was placed with the Pd-coated side downwards. The vertical distance between the alumina boat and the substrate was approximately 10 mm. After evacuating the quartz tube to ∼10 −3 Torr, the furnace was heated to 900 o C from room temperature with no gas flow. During the experiment, the furnace was kept at temperature and pressure, respectively, of 900 o C and 150 mTorr in an air flow for 2 h. After evaporation, the substrate was cooled down and then removed from the furnace for analysis. A white layer was found on the surface of the substrate.
Glancing angle X-ray diffraction (XRD: CuKα 1 radiation) patterns were obtained on a Philips X'pert MRD diffractometer with an incidence angle of 0.5 0 . Scanning electron microscopy (SEM) studies were carried out on a Hitachi S-4200. Further structural analysis using transmission electron microscopy (TEM) was performed on a Philips CM-200. For TEM observation, the products were ultrasonically dispersed in acetone, and then a drop of the suspension was placed on amorphous carbon films supported by copper grids and dried in air. PL spectrum was measured at room temperature by a 325 nm He-Cd laser (Kimon, 1K, Japan). Figure 1a shows the typical side-view SEM image of the product, indicating that this wool-like material consists of aggregates of one-dimensional (1D) nanostructures. The SEM image reveals that the growth direction of the nanostructure is randomized. Fig. 1b shows the SEM image of the products with a closer view, revealing that the product comprises the straight, bent, and crooked rod-like structures. Statistical analysis of many SEM images shows that average diameter of these nanostructures varies from 30 to 300 nm and length reaches up to several tens of micrometers. The upper right inset in Fig. 1b reveals that no catalyst particle can be seen at tips of the 1D structures. Fig. 1c shows the high magnification SEM image enlarging an area of Fig. 1b . The jagged-edged or saw-like structure is apparent. Although similar structure has been observed in the case of MgO [18] , to the best of our knowledge, no similar SnO 2 structure was reported in the literature previously. No obvious reflection peaks from the impurities, such as unreacted Sn or other tin oxides, were detected, indicating the high purity of the products. In the XRD measurements, the angle of the incident beam to the substrate surface was approximately 0.5 0 , and the detector was rotated to scan the samples. Therefore, we surmise that the peaks are mainly from the products.
III. RESULTS AND DISCUSSION
TEM analysis of individual nanostructures provide further insight into the structure of these materials. Low magnifica- tion TEM image is shown in Fig. 3a , indicating that the bent nanorod has the jagged surface, agreeing with SEM images. The associated selected area electron diffraction (SAED) pattern (Fig. 3b) taken from the nanorod can be indexed as a tetragonal rutile SnO 2 single crystal, in good agreement with the XRD results presented above. Representative high resolution TEM (HRTEM) image is given in Fig. 3c . Lattice fringes are clearly visible from the image, revealing its single crystalline nature. The interplanar spacings are approximately 0.237 nm and 0.176 nm, respectively, corresponding to the (020) and (211) planes of tetragonal rutile SnO 2 .
In the present work, although the Pd-coated substrate was employed, there was no evidence of Pd-containing particles at tips of the structures. Therefore, the growth of the SnO 2 structure in the present route cannot be dominated by a vaporliquid-solid (VLS) mechanism. This type of growth, which is close to vapor-solid (VS) process, might be attributed to the diffusion-limited process in an oxygen-supersaturated environment [19] . When the synthesis was carried out in the highly oxygen-abundant environment; i.e. under a relatively higher oxygen pressure of 1000 mTorr (compared to the air pressure of 150 mTorr in the present study), we obtained the cluster-like structures without any thin nanorod. The variation of SnO 2 structural morphology with O 2 content indicates that O 2 gas plays an important role in controlling nucleation and growth of SnO 2 nanorods. It is generally agreed that the SnO(g), which forms at the initial stage of oxidation of Sn (Sn(s) + 1/2O 2 (g) → SnO(g)), is metastable and decompose according to the reaction [20] : 2SnO(g) → SnO 2 (s) + Sn(l). The additional oxygen may facilitate large supersaturation of O 2 gas and thus SnO gas in the gaseous state, resulting in fast condensation. Under low supersaturation, narrow 1D structures are easy to grow. Under high supersaturation, however, it may activate the secondary growth sites and heterogeneous nucleation on the side of the 1D structures, tending to produce the thicker structures. In the present synthesis route, while elevating the temperature with no gas flowing, we surmise that Pd layer stays pure or preferentially transforms to stable Pd silicide compounds. Therefore, it may provide negligible amount of additional oxygen to the growing SnO 2 nanostructures at the synthesis temperature of 900 o C, keeping the thin 1D nanostructures from being thicker. Our experiments under the same condition using other substrate materials which comprise oxygen, resulted in the generation of the cluster-like or thick structures, agreeing with the above speculation. Efforts are now in progress to pursue these routes in more detail to reveal the synthesis mechanism.
Room-temperature PL spectra of the as-synthesized products were measured and shown in Fig. 4 . Visible emissions with a peak wavelength position of around 591 nm (corresponding to 2.10 eV) is dominantly observed. The visible light emission is known to be related to defect levels within the band gap of SnO 2 , associated with O vacancies or Sn interstitials that have formed during the synthesis process [21] [22] [23] . A similar emission has been reported in the case of SnO 2 nanoribbons synthesized by laser ablation [21] and SnO 2 nanorods synthesized by solution phase growth [22] . 
IV. CONCLUSIONS
In summary, we have demonstrated the production of SnO 2 nanorods on Pd-coated substrate by heating Sn powders at 900 o C. SEM image and TEM analysis coincidentally indicate that the product consists of nanorods with a jagged surface. The results of XRD, TEM and SAED pattern indicate that the SnO 2 nanorods have a tetragonal rutile-type crystalline structure. We speculate about the growth mechanism and need deep study in the future. The PL measurement shows an apparent visible light emission band centered at around 591 nm. Compared with SnO 2 nanostructures reported previously, the SnO 2 nanorods in the present study exhibit different structural characteristics, which may lead to novel applications in miniaturized devices. 
